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The epithelial Na"*" channel (ENaC) absorbs Na"^ 
across the apical membrane of epithelia. The activity of 
ENaC is controlled by its interaction with Nedd4; muta- 
tions that disrupt this interaction increase Na^ absorp- 
tion, causing an inherited form of hypertension (Lid- 
die's syndrome). Nedd4 contains an N-terminal C2 
domain, a C-terminal ubiquitin ligase domain, and mul- 
tiple WW domains. The C2 domain is thought to be in- 
volved in the Ca^^-dependent localization of Nedd4 at 
the cell surface. However, we found that the C2 domain 
was not required for human Nedd4 (hNedd4) to inhibit 
ENaC in both Xenopus oocytes and Fischer rat thyroid 
epithelia. Rather, hNedd4 lacking the C2 domain inhib- 
ited ENaC more potently than wild-type hNedd4. Earlier 
work indicated that the WW domains bind to PY motifs 
in the C terminus of ENaC. However, it is not known 
which WW domains mediate this interaction. Glutathi- 
one S-transferase-fusion proteins of WW domains 2-4 
each bound to a, ^, and yENaC in vitro. The interactions 
were abolished by mutation of two residues. WW domain 
3 (but not the other WW domains) was both necessary 
and sufficient for the binding of hNedd4 to aENaC. WW 
domain 3 was also required for the inhibition of ENaC 
by hNedd4; inhibition was nearly abolished when WW 
domain 3 was mutated. However, the interaction be- 
tween ENaC and WW domain 3 alone was not sufficient 
for inhibition. Moreover, inhibition was decreased by 
mutation of WW domain 2 or WW domain 4. Thus, WW 
domains 2-4 each participate in the functional interac- 
tion between hNedd4 and ENaC in intact cells. 



The epithelial Na * channel (ENaC)^ forms the pathway for 
Na absorption across epithelia, where it plays a critical role in 
Na * homeostasis (1, 2). Nedd4 decreases Na * current by en- 
hancing the rate of ENaC degradation; as a result, there are 
fewer Na * channels at the cell surface (3, 4). This regulation is 
dependent on the ubiquitin ligase activity of Nedd4, suggesting 
that Nedd4 might inhibit ENaC via channel ubiquitination (3). 
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Consistent with this hypothesis, mutation of potential ubiquiti- 
nation sites in ENa(' increased Na ' current (5). 

Nedd4 contains multiple W^V domauis. three in rat and 
mouse (6, 7) and four in human and Xenopus (4, 8). Previous 
studies found that the WW domains bind to PY motifs in the C 
termini of a, j3, and yENaC (6, 8, 9), mediating a direct physical 
interaction between these proteins. ENaC' mutations that dis- 
rupt this interaction increase renal Na absorption (3, 6, 10, 
11), causing an inherited form of hypertension (Liddle's syn- 
drome) (12). Thus, the interaction between Nedd4 and ENaC' is 
critical for Na * homeostasis and blood pressure regulation. An 
important unresolved question is which \VW domain or do- 
mains mediate the interaction with ENaC. In vitro, multiple 
W\V domains have the capacity to interact with ENaC PY 
motifs. For example, all three rat W^V domains interacted with 
ENaC' using an in vitro binding assay (6). In contrast, mouse 
and human WW domain 1 did not interact with ENaC (8, 9). 
However, it is not known which WW^ domains interact with 
ENaC ui the intact cell. 

At the N terminus, Nedd4 has a C2 domain, first described as 
a regulatory domain in protein kinase C (13). Homologous 
sequences were subsequently identified in a number of other 
proteins, where they function in the binding and modulation of 
protein function by Ca'' ^ and phospholipids (14). In Nedd4, the 
function of the C2 domain is unknown. Previous work found 
that increased cytosolic Ca^ ' induced the translocation of a C^2 
domain-glutathione S-transferase ((jST) fusion protein to the 
cell surfiice, possibly by interacting with annexin XIHb ( 15, 16). 
This suggests that the C^2 domain might function in the Ca" - 
dependent localization of Nedd4. (x^nsistent with such a model, 
ENaC IS inhibited by increases in c}losolic Ca^ (2) However, 
the role of the C2 domain in the Nedd4-mediated inhibition of 
ENaC IS not known. 

Tht^ goal of this work was to identify the sequences in human 
Nedd4 (hNedd4) that are necessary for the inhibition of ENaC. 
F'irst, we tested the requirement for the C2 domain using a 
hNedd4 construct lacking the C2 domain. Second, we asked 
which of the four hNedd4 WW domains participate in the 
inhibition of ENaC. We used two different expression systems 
with distinct advantages: ia) Xenopus oocytes, and ib) Fischer 
rat thyroid (FRT) epithelia. Oocytes reconstitute some aspects 
of the Nedd4-dependent regulation of ENaC^ (3, 4). Conversely, 
ERT cells allowed us to study hNedd4-mediated regulation in a 
polarized epithelium. 
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DNA Constructs — hNedd4 was cloned by polymerase chain reaction 
of cDNA reverse transcribed from kidney polyadenylated RNA (CFON- 
I'FCHi. 'Hie 5' [)rimer was C( ^-VrCC;ATG^^ACr(XV\T(;C^CAACr^(;CC- 
( 'CiGTCiCiACKiTCt and included a C/al site for cloning into pMT3. The :V 
p r 1 m e i" w as C A G G G ( ^ TVYG ATG G A( VITC^. ATF AG ( ) G ( VYA C CCC and 
included a Kpnl site. A hNedd l construct lacking the C2 domain ^AC2t 
was generated by site-directed mutagenesis i C^uickChanf;e; Stratapene) 
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iani]i:o ucid-s 22 114 weiv dcltHed T(j abolish binding to KNaC, uach of 
the ft'ur WW domains was mutated (individually or in combination' at 
two positions (WWl, V210VV and H212G; W\V2. V367W and H369G; 
\V\V3. I -MOW and H442G; \VW4. I492\V and H494G). These mutations 
were generated in AC2 because this construct inhibited E\aC more 
potently tlian wild-type h\edd4 Human u. /I and 7ENa(' in pMT3 or 
pcDNA.'i wiTe cloned as described previously < 17. 18). A FI^\G epitope 
iDYKODDDKi was introduced in the extracellular domain i residue 
oil. of ahNaG 1 oENaC-KLAG 1. as described i)reviously iKJi This 
epitope did not alter the function of KNaC. (tKNaG-FLAG was used for 
the hNedd l binding assay, as described below. Each cDNA was se* 
quenced in the I'niversity of Iowa UXA Core Facility. 

Expre.'.sion and Elecrrophysialo^y tfi Xenapus Oucytfi^ — cr, /i, and 
yENaC' (U.2 ng each) were coexpressed uath either wild-type or mutant 
hNedd4 or with an irrelevant protein 'secreted alkaline phosphatase 
iSEAPi; I) 2-0.8 ng) in Xenopus oocytes by nuclear injection of cDNA. 
Expression of SEAJ^ with ENaC did not alter Na current comp.ired 
with expression of ENaC alone. One day after injection, whole-cell 
current wa.'- measured bv two-electrode voltage clamp at - 60 mV with 
oocytes hatfied in 116 m.M NaCl, 2 ni.M KCl, 0.4 ni.M CaCl.,, 1 mM MgCl^, 
and 5 ms\ llEPES (pli 7.4). Statistical significance was assessed using 
Student's unpaired t test 

Ex/}n'ssii>n and Elcctrophxsiolo^y ni FRT Epithelia~~¥KY cells were 
grown on pmneable filter supports (Millicell I'CF; 0.4 ^m, pore size; 12 
mm, diameter I in F-12 C'oon's media (Harlan) with 5'^ fetal calf serum 
(Sigma), 100 units/ml penicillin, and 100 /-Lg/ml streptomycin at 37 °C, 
as described previously ( 19). One day after seedmg, cells were cotrans- 
fected with a, /i, and yENaC (0 07 ^g each) and wild-type or mutant 
hNedd4 or green fluorescent protein (GFP) as a negative control (0.8 
Mg). The total DNA was held constant by varying the ratio of hNedd4 
and CrFP Expression ol' GFP did not alter ENaC Na currents. The 
plasmids were mixed with TFX 50 (Promega; 7.9 /^g/millicell) in 360 
^1/millicelI serum-free F-12 Coon's media for 15 min and transferred to 
the aj>icai surface ol'the monolayer. One h later, the apical media were 
replaced with F-12 Coojt s media containing 5';^ fetal calf serum and 
amiloride (10 ). 

Na transport was measured 2-3 days alter transfection in modified 
LJssing chambers (Jim's Instruments, Iowa C'ity, lA). The apical and 
basolaterai surfaces were batlied in i;i5 mM NaCl, 1.2 niM CaCl.^, 1.2 
niM MgCI... 2,4 mM K,HPO„ 0 6 mM KH.PO,, 10 niM dextrose, and 1(1 
niM HEPES (pH 7.4 i at 37 "C and bubbled with (1.. Amiloride-sensitive 
short-circuit current il^c^ ^^'^"^ determined as the difference in current 
with and without amiloride (10 jliM) in the apical bathing solution 

Inimurnjprecipitation of hNedd4 — cDNA encoding wild-type or mu- 
tant hNedd4 ;0,2 ng) was expressed in Xcnopus oocytes as described 
above, Oocvtes not injected with cDNA were used as a negative control. 
One day ,d'ter injection, 15 oocytes were incubated in modified Barth's 
solution containing 1 mCi/ml I'^^'Slmethionineycysteine for 4 h and then 
liomogenized in 800 fx] of TBS containing 1'-. Triton X-100 and protease 
inhibitors - n A m.M phenyl methylsulfonyl fluoride, 20 ^g/ml aprotonin, 
20 MR/'ml leupeptin, and 10 ^ig/ml popstatin A) by 10 pulls through an 
IH-gauge ni'edle. followed by 1 pull through a 26-gauge needle. Yolk 
pellets were removed by centrifugation at 5,000 rpm for 5 min and then 
at 14 000 ipm for 5 min. hNedd4 was immunoprecipitated from the 
lysate with polyclonal sheep antisera (1 100 dilution) prepared against 
(;ST-\V\V domain fusion proteins lGST-\Wl, GST-\\'\V2, or GST- 
\VW3 described below) (Elmira Biologicals. Iowa City. I A). After sepa- 
ration by SUS-PAGE. the proteins were imaged by Huorography and 
quant itated using a Kodak Image Station 440CF and ID software 
I version 3.0, Kodak i. 

GS'7'-\\'V\' Domain Fiisiofi Protein Binding A.v.sav — cDNAs encwiing 
WW domains 1-4 (wild-type or mutant as described above) were gen- 
erated by polymerase chain reaction and hgated into pGEX-2TK (Am- 
ersham Pharmacia Biotech). The sequences correspond to the WW 
domains -^btiwn in Fig. 2B. GST- WW domain proteins were expressed 
and isolated with glutatliione-Sepharose beads. Each produced a single 
hand of the expected molecular weiglit on a Coomassie Blue-stained gel. 
I'rotem wa> quantitated with a Bio-Rad ])rotein assay, and 50 /ig of 
protein wa> elect rophoresed by SUS-PAGE and transferred to a nitro- 
cellulose membrane, and the membrane was blocked overnight with 5'^ 
dry milk m TBS containing 0.1^7 Triton X-lOO (Pierce). [-^-'SlMethi- 
onme-labt'led ft, |-{, and >ENaC were transcribed and translated in vitro 
(Promega TNT kit). 'Hie membranes were incubated with 25 p.1 of one of 
the three ENaC subunits in 25 ml of TBS with 0.1'"'^ Triton X-100. 5'^'. 
bovine serum albumin, and 0.5' r dr>^ milk overnight at 4 °C (with 
rwkingi, washed four times with TBS/0. Pv Triton X-100, and exposed 
to Kodak Biomax film. To examine the relative binding, GST- WW 
fusion proteins i2 /^g) were applied directly to nitrocellulose using the 
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Fk;. 1. Inhibition of ENaC by hNedd4. A, amiloride-sensitive 
whole-cell Na' current (relative to control) at -60 mV in Xenopus 
oocytes coexpressing ft, /3, and yENaC (0.2 ng each; with hNedd4 or 
SEAP (0.8 ng) (mean = S.E.; n - 15). p < 0.003. B, representative 
time course of Ij,.;^. in FRT epithelia expressing a, (i, and yENaC with 
hNedd4 or GFP (negative control). Amiloride ( 10 yitM) was added to the 
apical membrane, as indicated by the bars. C, amiloride-sensitive I^^. 
(relative to control) in FRT epithelia expressing c*, (i, and yKNaC (0.07 
/Lig each) with hNedd4 or GFP (0.8 )Ltg) (mean * S.E.; n - 17). *, p ' 
0.0001. 



Bio- Dot SF apparatus (Bio-Rad) and probed with a, /3. or yENaC as 
described above. 

hNedd4 Binding Assay — ftENaC-FLAG was expressed in COS-7 cells 
by electroporation, as described previously ( 10). Two days after electro- 
poration, the cells were lysed, and protein was solubilized in TBS 
containing I'^r Triton X-100 and protease inhibitors (0.4 mM phenyl- 
methylsulfonyl fluoride, 20 i^i\i,lin\ aprotonin, 20 mJ^^"^! leupeptin, and 10 
^ig/ml pepstatin A). Insoluble protein was solubilized in 29J SDS, 1 mM 
EDTA, 1':^ 2-mercaptoethanol, and 10 mM Tris (pH 7.4) and diluted 1:10 
(1 ml, final volume) in TBS/Py Triton X-100. f(ENa( --FLAG was immu- 
noprecipitated from 100 ^1 {)f lysate (0.74 fxg/^l total protein) with 
anti-FEAG M2 monoclonal antibody (1:1.000; Kodak) and protein A 
beads (Pierce). The immunoprecipitated tiENaC-FLAG could bo de- 
tected either by metabolic labeling of the cells or by immunoblotting 
with anti-FLAG M2 antibody (data not shown). 

hNedd4 (wild-type or mutant) was generated and labeled with 
[ '''^'Simethionine by in vitro transcription and translation. After SDS- 
PAGE and fluorography. the protein was quantitated using Kodak 
Image Station and ID software. The immunoprecipitated aENaC- 
FEAG (30 ^1 immobilized on beads) was then incubated for 16 h witli 
wild-type or mutant hNedd4 (equal specific activities, 12.S-20 yul) in a 
total volume of 800 fil. The beads were washed three times with TBS/1'"( 
I'riton X-100, separated by SDS-PAGE, and imaged by fluorography. 

RESULTS 

Inhibition of ENaC by hNedd^l—Wo tested the ofTect of 
hXedd4 on ENaC in two different expression systems. In AV- 
nopus oocvtes, expression of a. /3, and yENaC" generated amilo- 
ride-sensitive Na ' current. Coexpression of the channel with 
hNedd4 decreased Na * current (PTg. lA and Kef 8). To deter- 
mine whether hNedd4 inhibits F]NaC in epithelia. we tran- 
siently expressed the channel \vith or without hNedd4 in KRT 
epithelial cells. These cells lack endogenous Na * channels and 
form a polarized epithelium when g^rown on permeable filter 
supports (19, 20). Transfection of KKT epithelia with a, /i, and 
yp]NaC using cationic lipids generated transepithelial short- 
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V\(\. 2. hNedd4.A, schtMiiatic representation showing the location of 
the C'2 domain, the four WW domains, and the ubiquitin lipase domain. 
B. line-up of amino acid sequences of the four hNedd4 WW domains and 
human Yes-associated protein. Ri^ht. the number of the last amino acid 
in each WW domain is shown. The residues mutated to abohsh binding 
to ENaC are indicated by black boxes. 



circuit Na ' current (Isr* that was completely blocked by aniilo- 
ride (19) (Fig. IB, Control). hNedd4 decreased Na * current 
when coexpressed with ENaC (Fig. 1, B and C, hNedd4). Thus, 
similar to Xcnopus oocytes, hNedd4 inhibited ENaC in epithe- 
lial cells, 

Requirement for the hNedd4 C2 Domain — The N terminus of 
hNedd4 contains a C2 domain ( Fig 2A ). To test whether the C2 
domam is required for the hNedd4-mediated mhibition of 
ENaC, we generated a hNedd4 lacking the C2 domain (AC2). If 
this domain was required, we predicted that AC2 would not 
inhibit ENaC. We coexpressed ENaC in Xenopus oocytes with 
increasmg amounts of wild -type hNedd4, AC2, or an irrelevant 
protein (SEAP). Wild-type hNedd4. but not SEAP, produced a 
dose-dependent decrease in Na* current (Fig 3A). Surpris- 
ingly, deletion of the C2 domain did not prevent hNedd4 from 
inhibiting ENaC (Fig. SA). On the contrary, AC2 was a more 
potent inhibitor of ENaC than wild-type hNedd4, This differ- 
ence did not result from altered protein expression; immuno- 
precipitation with a polyclonal antibody against \V\\ domain 2 
revealed similar amounts of protein for wild-type and mutant 
hNedd4 (Fig. 3, and D). We also tested the effect of AC2 in 
FRT epithelia. Similar to the results seen in oocytes, AC2 
inhibited ENaC more potently than wild-t>7)e hNedd4 (Fig. 
3S). Together, these results indicate that the C2 domain is not 
required lor the hNedd4-mediated inhibition of ENaC'. Rather, 
the data suggest that the C2 domain may suppress the activity 
ofhNedd4. 

Interaction between hNedd4 GST -WW Domain Fusion Pro- 
teins and £;NaC— hNedd4 contains four WW domains (Fig. 2, A 
and B). To investigate the interactions between hNedd4 and 
ENaC, we used an overlav assay. (jST fusion proteins contain- 
ing individual WW domains (GST-Wl, GST-WW2, GST- 
WAV3, and GST-WW^4; 50 /iig) were electrophoresed, transferred 
to nitrocellulose membranes (Fig. ^LA, bottom panel shows Coo- 
massie Blue staining), and probt^d with f'^^^*Slmethionine-la- 
beled a, or yENaC. Consistent wdth previous work (8), we 
found that W^V domains 2, 3, and 4 each interacted with a, [i, 
and yENaC (Fig. 4A). in contrast, W^V domain 1 and (jST alone 
(negative control) did not interact with the ENaC subunits 
( Fig. 4A ). In Fig. 4B, smaller quantities of fusion proteins (2 ;ig) 
were applied to nitrocellulose membranes and probed with 
ENaC. GST-WW^3 bound more of the (t, and ^ENaC probes 
than did GST-\\^V2 or GST-WW4. 

Kspanel and Sudol (21) recently identified two WW domain 
residues (Lt'u-190 and His- 192) involved in the binding of Yes- 
associated protein to a PY motif peptide. Mutation of both 
residues abolished the interaction. The residue corresponding 
to I lis- 192 in Yt's-associated protein is conser\'ed in each of the 
hNedd4 WW domains (Pig. 2/^). At the position equivalent to 
Leu- 190, the hNedd4 W^V domains contain conser\'ative sub- 
stitutions, valine (WAVl and WW 2) or isolcucine (\\^V3 and 
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Fi(> 3 Deletion of the C2 domain. A, relative amiloride-sensitive 
whole-cell Na ' current at - 60 mV in Xcnopus oocytes coexpressing a, /j, 
and yENaC (0.2 ng each) with wild-type hNedd4 (ictK hNedd4 lacking 
the C2 domain (AC- ), or SKAi^ as a negative control (0-0,8 ng) (mean - 
S.E.; /) -- 6-14 ).=*=, p < 0.05 versus wild-type hNedd4. B, relative amilo- 
ride-sensitive in FRT epithelia expressmg ft, 3. and yEXaC (0.07 ^ig 
each) with wild-type or AC2 hNedd4 (0-0.8 /ig) '.mean S.E.; n - 12 1, 
In some cases, error bars are hidden by data symbols. =*^ p 0.001 
versus wild-type hNedd4. C, immunoprecipitation of AC2 or wild-type 
hNedd4 (or uninjected cells as a negative control (- j) with a polyclonal 
antibody to WW domain 2 in Xenopus oocytes labeled with [-^''Sl methi- 
onine/cysteine. Premimune serum did not immunoprecipitate hNedd4 
(data not shown). In both lanes, faster-migrating bands were also pres- 
ent, either as a result of degradation or initiation of translation at 
downstream methionines. The intensity of these bands was variable 
and always less than that of the band corresponding to the full-length 
protein (see Fig. 6(' for examples*. D, quantitation of hNedd4 protein 
(relative to AC2) using Kodak Image Station and ID software (mean ' 
S.E.; /i 3). The upper band corresponding to full-length protein was 
quantitated, 

WW4). To determine whether these residues are required for 
the interaction between the hNedd4 WW domains and ENaC 
PY motifs, we generated GST-WW fusion proteins containing 
mutations in both residues ( Val/Ile to Trp; His to CJly). Using an 
overlay assay, we found that these mutations abolished binding 
of WW domains 2, 3, and 4 to each ENaC subunit (o, li, and y) 
(Fig, 4A). 

Interaction between Full length hNedd4 and ENaC — Wt; 
took advantage of these mutations to determine the role of each 
WW domain in the binding of full-length hNedd4 to ENaC. We 
mutated one or more WAV domains and tested the binding of 
hNedd4 to one of the ENaC subunits (aENaC). aENaC-Fl^G 
was expressed in COS-7 cells, immunoprecipitated, and then 
incubated with wild-type or mutant hNedd4 (labeled with 
[■'■'Slmethionine), Fig. 5 shows autoradiograms of the in vitro 
translated hNedd4 probes [bottom panel) and hNedd4 that 
bound to aENaC-FLAG (top panell We found that wild-type 
hNedd4 bound to aENaC-FIAG, but not to immunoprecipi- 
tated proteins from COS-7 cells expressing GFP as a negative 
control [wt^GFP). Deletion of the C2 domain (AC2) did not 
disrupt binding. The W\\ domain mutations were therefore 
generated in a construct lacking the C2 domain. Simultaneous 
mutation of all four WW domains (WAVl-4 ) abolished the bind- 
ing of hNedd4 to (*ENaC-FI^G, confirming a role for one or 
more of the W^V domains in the interaction between these 
l^roteins. Mutation of WW domain 3 alone was sufficient to 
abolish binding, but individual mutations of W\V domains 1, 2, 
or 4 were not sufllcient to abolish binding. However, these 
mutations appeared to decrease the binding of hNedd4 to 
oENaC-FlAG (compared witli AC2). Thus, WW domain 3, but 
not WW domains 1, 2, or 4, is required for the interaction 
between hNedd4 and ttENaC. 
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1 [(> 4 Binding of ENaC to GST-WW domain fusion proteins. A, 

wild-type yict) or mutant (m; Val/lle to Trp; His to Gly) GST-WW 
domain fusion proteins (or GST alone, 50 jug J were electrophoresed by 
SDS-PAGE, transferred to nitrocellulose, probed with in vitro trans- 
lated ( [ '■'"'Sjmethionine-labeled) a, /y, or yENaC, and imaged by fluorog- 
raphy. The bottom panel shows wild-type and mutant GST-W'W^ domain 
fusion proteins and GST alone on a Coomassie Blue-stained gel. B, 2 ^g 
of the (.jST-WW domain fusion proteins was bound to nitrocellulose and 
probed with a, [i, or yENaC as described above. Results are represent- 
ative of four experiments. 
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Fic. 5. Binding of hNedd4 to aENaC. Autoradiograms ofhNedd4 
uvild-type and mutants) bound to immunoprecipitated ttENaC-FlAG 
[top panels) and total hNedd4 probes (5 ijlI, bottom panels). The hNedd4 
constructs contained mutations (Val/Ue to Trp; His to Gly) in the indi- 
cated W' W domains (schematic representations are shown). These con- 
structs also lacked the 02 domain. rtENaC-FLAG w\as expressed in 
G(.)S-7 cells (or GFV as a negative control, wt GFP), immunoprecipi- 
tated with anti-ELAG M2 antibody, and incubated with wild -type or 
mutant hNedd4 (equal specific activities of each). The hNedd4 proteins 
were generated and labeled with [^ 'S] methionine by in vitro transcrip- 
tion and translation. hNedd4 that bound to (tENaC-FLAG was sepa- 
rated by SDS-FAGE and imaged by iluorography, Autoradiograms are 
rcpi'esentative of three experiments. 

To det ermine whether individual W^V domains were suffi- 
cient to interact with aENaC-FLA(j, we simultaneously mu- 
tated three of the four \V\V domains (leaving one WW domain 
intact) (Fig. 5, right). When WW domains 1. 2, or 4 alone were 
intact, we did not detect significant binding between hNedd4 
and (iKNaC-Fl^Ci. Conversely, hNedd4 bound to aENaC- 
FLA( J when WW domain 3 alone was intact (WAV domains 1, 2, 
and 4 were mutated). To^n^ther, the data indicate that WW 
domain 3 is necessary and sufficient for hNedd4 to interact 
with the oKNaC subunit. This is consistent with our finding 
that more (jST-WW3 than the other W'W domain fusion pro- 
teins bound to each EXaC subunit (Fig. 4). Although W^V 



domains 1, 2, and 4 were not sufficient alone or in combination 
for full-length hNedd4 to bind ttENaG-FI^G, the data to not 
exclude a role for these WW domains in the interaction of 
hXedd4 with the ENaC channel complex. We therefore used 
two functional assays to determine the role of the four W^W 
domains in the interaction between hNedd4 and ENaC in the 
intact cell. 

\V\W Domain Requiretnents for the Inhibition of ENaC—To 
determine which WW domains are required for hNedd4 to 
inhibit ENaC in the intact cell, we coexpressed a, /3. and 
yf]NaC with hNedd4 cDNAs containing WAV domain mutations 
(described in the previous section),, These mutations were gen- 
erated in A(^2 hNedd4 because it inhibited ENaC better than 
did wild-type hNedd4. We found that simultaneous mutation of 
all four WW domains (WWl-4) abolished hNedd4-mediated 
inhibition of ENaC in FRT epithelia (Fig. G, A and H). Similar 
results were obtained m Xenopus oocytes (Fig iW). Thus, the 
interaction between one or more of the WW domains and ENaC 
was required for inhibition. To identify which of the four WW 
domains was required, we tested individual WW domain mu- 
tations. Mutation of W\V domain 1 did not prevent hNedd4 
from inhibiting ENaC in either FRT epithelia or Xenopus oo- 
cytes (Fig. 6B). This is consistent with the finding that WWl 
did not bind to ENaC in vitro (Figs. 4 and 5). Interestingly, the 
WWl mutant inhibited ENaC slightly (but significantly) better 
than did hNedd4 with wild-type WW^ domains (Fig. GB). In 
contrast, mutation of \\W3 nearly abolished inhibition; expres- 
sion of the WW3 mutant in epithelia or ooc>tes produced a 
minimal decrease in Na ' current (Fig, 6B). Mutation of WW 2 
or WW4 had an intermediate effect. In epithfdia, both mutants 
inhibited ENaC, but they did so to a lesser extent than did AC2 
containing wild-type WW domains (Fig. 6B). Although muta- 
tion of WW2 also decreased inhibition in Xenopus oocytes, the 
WW4 mutant inhibited ENaC to an extent similar to that of 
AC2 (Fig. 6B). The WW domain mutations did not alter the 
expression of hNedd4 proteins \n Xenopus oocytes (Fig. 6, C and 
D). Thus, WW3 is required for hNedd4-mediated inhibition of 
ENaC. WAV2 and WW4 are not required, but they are also 
involved in ENaC inhibition. The data are consistent with our 
obsei-vation that WW3 was required for the interaction be- 
tween hNedd4 and ENaC ( Fig. 5) and also suggest a functional 
role for WW domains 2 and 4. 

Our binding studies suggested that WAV domain 3 was suf- 
ficient alone to bind to ENaC (Figs. 4 and 5i. To test whether 
this interaction would inhibit ENaC, we expressed the channel 
with hNedd4 containing mutations in WW domains 1, 2, and 4 
(WW3 alone was intact). Surprisingly, the mutant hNedd4 
decreased Na ' current only 20Cf in FRT epithelia, much less 
than did AC 2 hNedd4 (Fig. 7A). This result could not be ex- 
plained by decreased hNedd4 protein; similar amounts of AC2 
and mutant hNedd4 protein were exi)ressed (Fig. 7/^). Current 
was also minimally inhibited when only WW domain 2 was 
intact and was not inhibited at all when W\V domain 4 alone 
was intact (Fig. 7A). Thus, the interaction between a single 
WW domain and ENaC produced only minimal inhibition 
of ENaC. 

DISCT'SSION 

WW domains in hNedd4 interact with PY motifs in ENaC (6. 
8. 9), We found that simultaneous mutation of all four WAV 
domains abolished the inhibition of ENaC by hNedd4. In pre- 
vious work, inhibition was also abolished by mutation or dele- 
tion of ENaC PY motifs (3, 4). Thus, a physical interaction 
between one or more WW domain(s ) and the PY motifs of I^NaC 
is reciuired for hNedd4 to inliibit the channel. Although three of 
the h)ur hNedd4 GST-WW domain fusion proteins interacteil 
with the PY motifs of ENaC in vitro, several findings suggest 
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Kk; 6 Effect of WW domain muta- 
tions on hNedd4-mediated inhibition 
of ENaC. .A, amilunde-seiisitive I^^^ irt^l- 
ative to GFP control) in FKT epithelia 
expressing it, and vENaC lO.OT 
each) with hNedd4 AC2 (1C2), hNeddl 
with mutationj^ in all four WW domains 
I 1-4 \, or GFP 1 0.8 ^f^; mean * 8.E.; n - 
20). ' ■ O.OUOl versus control (GFP). B, 
relative amiloride-sensitive in FRT 
epithelia and amiloride-sensitive whole- 
cell Na current at - 60 mV in Xenopus 
oocytes coexpressinji a, and 7ENa(' 
1 0.07 and 0.2 n^ each in FRT and oo- 
cytes, respectively) with an irrelevant 
control protein ((JFP in epithelia; SEAI* 
m oocytes), hNedd4 AC2, or hNedd4 A(^2 
with mutations in the indicated WW do- 
maints) i0.8 and 0.2 ng in FRT and 
oocytes, respectively) (mean S.E.; n 
16-201. Schematic indicates the wild-type 
and mutant WW domams. ^ /; ■ 0,0001 
i-ersus control; p * 0.0001 rersus con- 
trol and p - 0.05 versus AC 2. C\ imn^uno- 
precipitation of the indicated hNedd4 pro- 
teins expressed in Xenopus oocytes (or 
uninjected cells ( )) with polyclonal anti- 
bodies to WW domain 2 or WW domain 1, 
as indicated. D, quantitation of hNedd4 
proteins containing the indicated mutant 
WW domains (relative to AC2) (mean *■ 
S.E.; n - 3-7). 
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Fu:.. 7 Single intact WW domains. A, 

rehative amiloride-sensitive Isc in FRT 
epithelia expressing a, ji, and yENaC 
(0,07 MR each) with OFF, hNedd l AC2 or 
hNedd4 AC2 with the indicated mutant 
WW domains i0.8 ^R) (mean ' S,E.; n 
lH-i9). Schematic indicates the wild -type 
and mutant WW domains. *, p • 0.0001 
versus control; **, p 0.003 versus con- 
trol and p <; 0.0001 versus AC2, immu- 
noprecipitation of the indicated hNedd4 
proteins expressed in Xenopus oocytes (or 
uninjected cells ( - i) with a polyclonal an- 
tibody to WW domain 3. 



that the WW domain 3 interaction is critically important. First, 
GSTAV\V3 bound more ENaC probe than did GST-\VAV2 or 
GST-\\^V4. This suggests the possibiUty that \V\V domain 3 
has a higher relative affinity for ENaC than the other W^V 
domains, although we cannot exclude other potential explana- 
tions (e.g. differences in conformation or aggregation of the 
fusion proteins). Second, mutation of \V\V domain 3, but not of 
the other WW domains, abolished the binding of hNedd4 to an 
KNaC subunit. Third, W-^V domain 3 alone was sufficient to 
mediate the binding of full-length hNedd4 to aENaC. Because 
(^ST-WW3 bound well to all three ENaC subunits, it seems 
likely that WW domain 3 is also important in the binding of 
hNedd4 to /^^ and yENaC. Finally, the inhibition of ENaC by 
hNedd4 in both epithelial cells and Xenopus oocytes was nearly 
abolished by mutation of WW domain 3. Thus. WW domain 3 
w as critical not only for the binding of hNedd4 to ENaC in vitro 



but also for its binding and inhibition of the heteromultimehc 
channel in the intact cell. 

However, the interaction between W^W domain 3 and ENaC 
alone was not sufficient for hNedd4-mediated inhibition of 
ENaC; hNedd4 produced only a small decrease in Na ' current 
when WW^ domain 3 was the only intact W'W^ domain. This 
suggests that WW domain 2 and/or W^V domain 4 also partic- 
ipate in the functional interaction with ENaC. Consistent w^ith 
this hypothesis, mutation of W^V domain 2 or WW^ domain 4 
decreased ENaC inhibition (although the decrease was less 
than for the W^V domain 3 mutation). Thus, although the 
interaction with W^V domain 3 apptvars to be most important. 
WW domains 2, 3. and 4 each participate in the interaction of 
hXedd4 with ENaC in intact cells. This is also consistent with 
the previous finding that multiple WW domains were Required 
for a WW domam-GST fusion protein to disrupt tht> Na " 
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(70 m.M (-induced inhibition of Na ' current in mouse mandibu- 
lar duct cells (9t. 

An important unresolved question is which of the KNaC PY 
motifs interact with WW domains 2-4. Mutation or deletion of 
the PY motif in j3ENaC was sufficient to disrupt Nedd4-medi- 
ated inhibition of the channel and cause Liddle's syndrome (.3, 
12k However, all three PY motifs have the capacity to interact 
with W^V domains '2, 3, and 4 i}i vitro (8). and mutations in any 
of the three PY motifs increase Na ' current (10). Thus, it is 
possible that the interactions are relatively promiscuous. For 
example. WW domain 3 might bind to the t^ENaC PY motif in 
one channel, but it might bind to the PY motif of /3ENaC in 
another channel. Multiple PY motif-W^V domain interactions 
might be required to increase the affinity of the interaction 
between ENaC and hNedd4. Alternatively, there could be a 
high degree of specificity in the interaction between WW do- 
mains and PY motifs in the intact cell. For example, each WW 
domain might bind to a different ENaC subunit. Finally, it is 
possible that domains 2-4 bmd to PY motifs in different 
ENaC channels or even different proteins, cross-linking them 
into a larger complex. Future studies will be required to differ- 
entiate between these models. However, each model is consist- 
ent with the finding that a single WW domain interaction is not 
sufficient to inhibit ENaC. 

The function of WW domain 1 is not known. It does not bind 
to ENaC subunits in vitro (8), and mutation of WWl did not 
prevent hNedd4 from inhibiting ENaC, suggesting that it does 
not bind to ENaC in the intact cell. Rath(?r, the WW domain 1 
mutant inhibited ENaC to a greater extent than did wild-type 
hNedd4. Perhaps the binding of WW domain 1 to one or more 
other proteins modulates the localization or function of 
hNedd4. Identification of such proteins may provide new can- 
didate genes for the pathogenesis of hypertension. 

The interaction between WW domain 3 and ENaC was most 
important for the inhibition of the channel. Interestingly, this 
domain is not present in rat or mouse Nedd4 (which contain 
only three W^V domains); based on sequence similarity, the 
three WW domains of rat and mouse Nedd4 correspond to WW 
domains 1, 2 and 4 in hNedd4 (8). This suggests that the 
pattern of interactions between the WW domains and PY mo 
tifs and the affinity of the interaction between Nedd4 and 
p]NaC may differ between species. Thus, it may be difiicult to 
extrapolate PY motif-WW domain binding data between differ- 
ent species, and it may therefore be particularly important to 
study human Nedd4 to understand the role of this protein in 
human blood pressure control and hypertension. 

Previous work suggested that the Nedd4 C2 domain may be 
involved in the Ca' * -dependent trmislocation of Nedd4 to the 
cell surface through a mechanism potentially involving mi in- 
teraction between the C2 domain and annexin Xlllb ( 15, 16). 
This might be important for the binding of Nedd4 to ENaC at 
the cell surface. Such a mechanism could be involved in the 
regulation of ENaC by c\1:osolic Ca^ * . Surprisingly, we found 
that the C2 domain was not required for the hNedd4-mediated 
inhibition of ENaC Instead, a mutant hNedd4 lacking the C2 
domain inliibited ENaC better than did wild-type hNedd4. 
Perhaps under basal conditions, the C2 domain blocks the 



interaction and/or inhibiti on of pjNaf^ b\' hNtKid4. Incrc^ased 
cytosolic Ca*^ ■ might relieve this block, resulting in channel 
inhibition by hNedd4. Deletion of the C2 domain might allow 
hNedd4 to inhibit the channel in the absence of an increase in 
Ca^ ' . Such a model is consistent with the observation that 
increased cytosolic Ca^ " inhibits Na * absorption via ENaC. 
Alternatively. Nedd4 might interact with ENaC at an intracel- 
lular location, rather than at the cell surface. 

Inhibition of ENaC by hNedd4 plays a critical role in Na * 
homeostasis and blood pressure control. Mutations in ENaC 
that abolish the interaction between these proteins cause Lid- 
dles syndrome, a genetic form of hypertension, We found that 
mutations m W^V domains 2, 3. and 4 disrupted the ability of 
hNedd4 to inhibit ENaC. Mutations in the ubiquitin ligase 
domain also disrupted inhibition (3). Thus, it seems possible 
that loss of function mutations in hNedd4 could increase renal 
Na* absorption, identifying hNedd4 as a candidate gene for 
hypertension. An understanding of the molecular requirements 
for the binding and inhibition of ENaC by hNedd4 will facili- 
tate the search for sequence variations that alter this regula- 
tion and may provide new insights into the basic mechanisms 
of blood pressure control and the pathogenesis of hypertension. 
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